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Proteins and peptides systematically assemble into functional 
systems by using multiple covalent and non-covalent interactions of 20 
amino acids. Among various amino acids, tyrosine has unique 
properties in helping protein folding and facilitating proton-coupled 
electron transfer. Recently, many efforts have been conducted to apply 
the tyrosine’s properties in fabrication of functional material. 
In chapter 1, a fabrication method of palladium (Pd) nanostructure 
using a specifically designed peptide, Tyr-Tyr-Ala-His-Ala-Tyr-Tyr 
(YYAHAYY), as a template is described. The YYAHAYY peptide 
ii 
induced the formation of flower-like palladium (Pd) nanostructure by 
controlling its size and shape. The flower-shaped Pd NPs were well-
dispersed in water due to the amphiphilic property of YYAHAYY 
peptide. In addition, the flower-shaped Pd NPs showed excellent 
catalytic activities in copper-free Sonogashira cross-coupling reaction 
in water. 
In chapter 2, a method to self-organize perylene diimides (PDI) into 
two-dimensional (2D) film at air/water interface through dityrosine 
crosslinkage is presented. Dityrosine-crosslinking was formed by one-
step photo-polymerization of tyrosine-appended PDI without the need 
of a template. Such assembly is driven by the amphiphilicity of the 
crosslinked molecules that have the carboxylic group from the tyrosines 
and the polycyclic aromatic hydrocarbons from the PDIs. Depending 
on UV irradiation time, the thickness of the film can be controlled. In 
addition, upon crosslinking, the PDI film is stacked through pi-pi 
interaction between the PDIs, which induces semi-crystalline property. 
The resulting dityrosine crosslinked PDI film shows a photo-active 
property. This simple approach can be expanded into direct fabrication 
of free-standing and photocurrent generating organic thin films. 
 
Keywords: Peptide assembly, Self-assembly, Bio-inspired approach, Peptide 
template, Tyrosine, Dityrosine, Palladium, Catalyst, Cross coupling, Copper-
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1. Peptide Assembly Based Architectures 
 
Self-assembly is a powerful tool for making organized, ordered 
supramolecular architectures at nano- or macroscopic scales. This 
“Bottom-up” approach is generally induced via non-covalent 
interactions such as hydrophobic interaction1-3, hydrogen 
bonding4,5, electrostatic interaction6,7, metal-ligand coordination8 
and pi-pi stacking9,10. Such molecular recognition-directed self-
organization is determined by the intrinsic features of a molecular 
structure, which determine the thermodynamic factors11, resulting 
in functional materials with particularly designed features. In 
addition, kinetic controlling parameters such as solvent12,13, 
temperature14, and concentration15 can be used to manipulate self-
assembly process. Eventually, the self-assembly processes are 
driven by the complex harmony of thermodynamic and kinetic 









Due to a surge of interest in using bio-derived materials, self-
assembly of proteins or peptides into nanostructures receives a 
great deal of attention in a range of potential applications in 
biomedicine, material science and nanotechnology (Fig. 2A).16-22 
The peptide materials have the advantage of diversifying 
physicochemical properties by tuning peptide sequences 
consisting of 20 amino acids. In the early stage, Ghadiri group 
suggested at methodology for producing peptide-based nanotubes, 
so that the amide bonds of a cyclic octapeptide, cyclo[-D-Ala-
Glu-D-Ala-Gln]2, can induce a nanotubular packing (Fig. 2B).23 
In addition, Gazit group unearthed the very short peptide, 
diphenylalanine (Phe-Phe), from amyloid plaques formed by mis-
folding of normal protein in Alzheimer’s disease patients (Fig. 
2C).24 Following these, a variety of peptide sequences25-30, which 
are part of various protein fragments associated with biological 
functions, and diphenylalanine derivatives31-34 have been 
investigated, and variegated morphologies such as tubes35-37, 







Figure 2. (A) Peptide-based nanostructures applicable to various 
research fields.48 (B) Nanofiber formed by hydrogen bonding from 
designed cyclic peptide.23 (C) Short peptide sequence (Phe-Phe) 




For predictable design of nanostructures having functionality, 
Stupp group systematically designed and synthesized nanofiber 
forming peptide amphiphiles (PAs), which are surfactant-like 
structure composed of a hydrophobic long alkyl tail, a short 
peptide sequence inducing intermolecular hydrogen bonding, a 
solubility controlling sequence containing charged amino acids, 
and functional sequences expressed on the surface (Fig. 3).22,49,50 
First, the hydrophobic tails have 12-16 carbon atoms in length, 
which are segregated away from water and drive assembly.51 
Second, the hydrogen bonding domain play an important role in 
directing the self-organization into fibric structure by changing 
the secondary structure.52 Third, the charge-carrying domain 
determines not only the initiation of the self-assembly condition 
(pH, ion, and so on) but also the balance between the electrostatic 
repulsion and the assembly propensity.22,53,54 Finally, the last 
domain has little effect on the geometrical factor. Thus, the 
specific peptide sequences, such as the Arg-Gly-Asp (RGD) that 
has a role of integrin-mediated cell adhesion55-57, can be 






Figure 3. Structure and self-assembly of peptide amphiphile (PA). (A) 
Representative PA structure with rationally designed functional 
entities.22 (B) Illustration of PA nanofiber expressing IKVAV bioactive 
epitope on its surface.50 (C) SEM image of self-assembled PA structure. 
(D) TEM image of self-assembled PA structure.
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Recently, based on the previous experimental information 
about peptide-related structures, short peptide sequences have 
been systematically designed.58-60 Particularly, Ulijn group 
discovered tri-peptide sequences for assembling into 
nanostructures under aqueous and neutral conditions using 
computational tools (Fig. 4).61 However, no common methods 
exist to predict specific peptide sequences that can have desired 








Figure 4. Assembling propensity table of all 8,000 combinations of 
three amino acids. The darkness of the squares in every rectangle 
represents the third amino acid-dependent aggregation level.61  
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2. Properties of Tyrosine 
 
Among 20 amino acids, tyrosine (Tyr) is a versatile amino 
acid that regulates the conformational transition of peptides or 
proteins, and has redox active property in natural system. 
 
2.1. Tyrosine as a Structure Forming Inducer 
 
Being different form phenylalanine, tyrosine moiety has a 
phenolic -OH group as a side chain functional group (Fig. 5).62 In 
addition, it has a character of beta-sheet forming propensity63,64 
and affects the fibril lamination65. In this context, various proteins 
such as Greek key beta-barrel protein, immunoglobulin (Ig), and 
fibronectin type III (fnIII) have the tyrosine-containing local 
motif, so called “tyrosine corner”, where the phenol group of 
tyrosine forms a hydrogen bond with nearby peptide backbone 
[CO or NH], forming a folding nucleus and its stabilization (Fig. 
6B).66-69 Moreover, tyrosine cross-strand ladder influences the 
conformation and the rigidity of a multi-layer stacking in beta-
sheet forming protein through the pi-pi interaction between the 
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Figure 5. Molecular structure of tyrosine inducing conformational 







Figure 6. Examples of conformation formed by tyrosine in protein. (A) 
β-sheet conformation induced by tyrosine ladder at a large scaffold 
peptide self-assembly mimic (PSAM)65, and (B) folding by tyrosine 





2.2 Tyrosine as Redox Mediator 
 
Charge transfer is an important process for all living organisms. 
Nature integrates multiple components sophisticatedly for an 
efficient charge transfer over a long distance. In various 
biological system such as photosystem II70, ribonucleotide 
reductase (RNR)71 and pilin filament72-74,  pertinent localization 
of charged and aromatic side chains helps each components to 
function properly (Fig. 7A-C). In photosystem II (PS II), tyrosine 
(Tyr) facilitates proton-coupled electron transfer (PCET) controls 
both the electron and the proton flow (Fig. 7D) and plays an 
essential role as a mediator or a cofactor of electron traveling by 
connecting an energy gap between P680 and CaMn4 cluster. 
Inspired from the role of the tyrosine in enzymatic system and 
photosynthesis, numerous model studies have been conducted 
using the structurally defined biomimetic peptide75-77, such as a 
beta-hairpin Tyr-containing peptide designed de novo, and Tyr-




Figure 7. Charge transfer of tyrosine. (A-C) Arrangement of aromatic 
side chain (tyrosine & phenylalanine) and electron transport mechanism 





Figure 8. Models for demonstrating proton-coupled electron transfer of 
tyrosine. (A) A β-hairpin peptide designed for making the environment 
of redox active tyrosine.76 (B) Tyrosine-conjugated light absorbing 




2.3. Di-tyrosine as a Crosslinker 
 
Tyrosine has excellent properties not only as a monomer, but 
also as a tyrosine-tyrosine crosslinking ability, which can be 
readily accomplished by radiolysis81, photolysis at 275-280 nm82-
84, metal ions84-87, enzyme84 or Ru(II)(bpy)3 dye-mediated photo-
crosslinking88-92. All of the crosslinking reactions start from the 
formation of tyrosyl radical, followed by diradical recombination 
with the other tyrosyl radical and enolization (Fig. 9).93 The 
dityrosines are found in resilin, which has outstanding 
mechanical properties as an elastic protein and energy storage 
system.89,94,95 It helps a cicada to produce the high frequency 
sound wave during the lifetime.96 Therefore, there have been 
many attempts to introduce these mechanical properties into 
material engineering.90,92,97-103 For example, dextran was 
conjugated with tyramine and elastic modulus of dextran-
tyramine-based hydrogels was controlled by enzyme for 









Figure 9. Mechanism of dityrosine crosslinking via proton abstraction, 








3. Research Objectives 
 
In this thesis, bioinspired approaches using peptide or amino 
acid which are a powerful tool to diversify its structure and 
function are described. Among 20 amino aicds, tyrosine, which 
has folding and crosslinkable properties, was focused to 
investigate new roles in biomimetic applications.  
In chaper 1, preparation of flower-like Pd nanostructure by 
using tyrosine-containing peptide as a template is described. The 
metal-peptide comlex induced self-assembly plays an important 
role in the formation of the flower-like Pd nanoparticles (NPs). 
The Pd NP capped with amphiphilic peptide was utilized for the 
copper-free Sonogashira reaction in water only solvent system. 
In chapter 2, assembly of tyrosine-organic semiconductors 
using dityrosine crosslinkage at air/water interface was described. 
The perylene tetracarboxylic acid dianhydride (PTCDA) was 
modified with tyrosine, producing the Tyr-perylene diimide (PDI). 
The tyrosine was crosslinked by UV irradiation in aqueous basic 
condition, which led to the polymerization of PDI, affording an 
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amphiphilic molecule. The crosslinked Tyr-PDI was self-
assembled into macroscopic and semi-crystalline nanofilm at 
air/water interface. Upon white light iradiation, this film gave a 
long-living photoconducting, and repeatable and prompt ‘on and 
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1.1. Peptide as a Template for Synthesis of Metal 
Nanostructures  
 
Nature determines protein structures by arranging amino acid 
sequences through genetic controls. The protein tertiary structures 
can control the exquisite sizes and morphologies of inorganic 
hybrid structures with high reproducibility under physiological 
conditions via so-called biomineralization process (Fig. 10).104 
For example, homogeneous iron oxide NPs (about 8~9 nm in size) 
are formed inside hollow polypeptide ferritin shells.105 Not only 
the self-assembly of peptides but also the interactions between 
the peptides and metal ions are considered to be a key factor in 
forming organic-inorganic hybrid nanostructures (Fig. 11). By 
mimicking this biological process, various metal (Au,106-108 
Ag,109-111 Pd,112-114 Pt115-117 and Cu118,119) NPs have been 
developed by using peptide templates with controllable 
geometrical, physical and chemical parameters (Fig. 12). 
However, understanding the design rule for peptide sequences 
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Figure 10. Examples of biomineralization.18 (A) CaCO3 laminates 
structure in abalone. (B) Crystallographically aligned Fe3O4 
nanostructures formed by magnetotactic bacterium (Aquaspirillum 
magnetotacticum). (C) Layered silica structures observed in sponge 











Figure 12. Examples of the synthesized nanostructures using 
biomimetic approach. (A) Sliced images of electron tomography data 
and schematic illustration of the formation of gold nanostructure.106 
(B) Synthetic scheme and TEM image of Pd NP network formed by 
R5 peptide template.114 (C) Pt-(100) binding peptide sequence T7 and 
Pt-(111) binding peptide sequence S7 selected by phase display 
induce Pt cube and tetrahedron, respectively.115 
 
 28 
1.2. Peptide-Templated Metal Nanomaterials as 
Heterogeneous Catalyst for Various Organic 
Reactions 
 
Traditional homogeneous and heterogeneous catalysts used in 
large scale can produce toxic waste materials that necessitate 
specialized disposal means and require thermal activation, both 
of which might result in increasing production costs. Especially, 
with regard to the heterogeneous catalysts, their three-
dimensional shape and surface property play an important role 
for giving high activity, because these factors can affect the 
accessibility of the reactants into the surface of catalysts. To 
control the morphology and the surface, a variety of templates 
such as dendrimers, polymers and micelles have been used for 
the fabrication of catalytically active metal nanomaterials. 
However, with increasing concerns about environmental 
protection and energy savings, many efforts to harness bio-
inspired fabrication method, which is known as green process, by 
using peptides and proteins as a template have been reported. In 
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addition, green chemistry, which requires mild reaction 
temperature, water as a solvent and low metal loading, is 
attractive for catalytic reactions ranging from C-C bond 
formation to oxidation or reduction. Knecht and Naik groups 
used a phage display technique to find out specific peptide 
sequences that showed high binding affinity toward Pd, and used 
them as a template for Pd.112 The specific peptide sequence 
(SSKKSGSYSGSKGSKRRIL), which has large numbers of 
lysine, was used as a template for Pd, based on the information 
that amine group has sequestrating and localizing property for 
metal ions.114 Pd nanostructures fabricated by these peptide-
templated approach catalyzed Stille reaction112,114,120,121 and 
hydrogenation121 in water based solvent at room temperature. In 
addition, peptide framework-related binding group/function or 
structure/function relationships for nanocatalysts were 
suggested.120,121 Peptide-templated metal NPs developed by these 
methods may be useful in performing metal NP catalyzed organic 
reactions under physiological condition.  
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2. Experimental Section 
 
2.1. Chemicals and Materials 
 
2-Chlorotrityl chloride (CTC) (100-200 mesh, 1.26 mmol/g) 
resin, fritted polypropylene reactors (Libra tube RT-20M, 20 ml), 
Fmoc amino acids, 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), and 
hydroxybenzotriazole (HOBt) were purchased from BeadTech 
(Seoul, Korea). N,N-Diisopropylethylamine (DIPEA) was 
purchased from Alfa Aesar (Ward Hill, MA). Triisopropylsilane 
(TIPS), 3,6-dioxa-1,8-octanedithiol (DODT), anisole, sodium 
tetrachloropalladate (Na2PdCl4), ascorbic acid, iodobenzene, 
ethynyl pyridine, 1-ethynyl-1-cyclohexanol, 4-iodoanisole and 
phenylacetylene were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 1-Iodo-4-nitrobenzene was purchased from TCI 





2.2. Peptide Synthesis 
 
The YYAHAYY peptide was synthesized on a 2-chlorotrityl 
chloride (CTC) resin (1.26 mmol/g) with Fmoc chemistry in a 
fritted reactor. After loading the first amino acid (0.3~0.5 
mmol/g), each coupling step was performed with Fmoc-amino 
acid (2 eq), HBTU (2 eq), HOBt (2 eq) and DIPEA (4 eq) for 2 
hours until the Kaiser-test was turned out to be negative. The 
mixture of DCM and DMF in a ratio of 1:1 was used as the 
solvent. The deprotection step of Fmoc group proceeded for 20 
min by 20% piperidine/DMF. Cleavage of the final peptides from 
the CTC resin was conducted in 93% TFA, 2% TIPS, 2% DODT 
and 3% anisole for 90 min. The cleavage mixture was filtered 
and washed with DCM and methanol, and the filtrate was 
concentrated in vacuum. The resulting peptide residue was 
precipitated with cold diethyl ether, centrifuged, and dried in 
vacuum. The peptides were purified with reverse phase HPLC, 
when necessary, and identified by ESI mass spectrometer. The 
purity of the peptide was above 95%. 
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2.3. Fabrication of Palladium Nanoparticles 
 
Pd nanoflowers were synthesized by the following method. A 
peptide stock solution (0.41 mg/ml) and a Na2PdCl4 stock 
solution (10 mM) were freshly prepared in every synthesis. For a 
total of 10 ml synthesis, 1 ml of the peptide stock solution was 
diluted with 6 ml of water. The Na2PdCl4 stock solution was 
injected into the diluted solution with the ratio of Pd:peptide 20. 
Additional water was injected to adjust the total volume (10 ml) 
equally. This mixture was vigorously stirred for 30 min at room 
temperature and then 1 ml of freshly pre-prepared reductant (50 
mM ascorbic acid) was added. The reaction was carried out for 1 
hr to form peptide assembly and sufficient reduction of Pd2+ ion. 
The resulting particles were centrifuged at 9000 rpm to wash out 
unreacted residues. This was repeated two more times. After 
supernatant was removed at the final centrifugation, 5 ml of 









Peptide/Pd2+ mixtures before/after reduction were 
characterized by Optizen 2120UV spectrometer (Mecasys) in a 
sample cell (Hellma Analytics, 10 mm pathlength). [Condition; 
room temperature, 0.5 nm intervals, 190 to 600 nm] 
 
Circular Dichroism (CD) Spectroscopy 
 
The CD spectra of peptide solution samples were recorded 
using a Chirascan™-plus CD detector (Applied Photophysics) in 
sample cell (Hellma Analytics, 0.05mm pathlength). The data 
from 5 scans were averaged for each spectrum. [Condition; room 
temperature, 1 nm intervals, 190 to 260 nm].  
 




Peptide-containing samples were analyzed with a Agilent 
Cary660 FT-IR spectrometer equipped with an attenuated total 
reflection (ATR) accessory. Peptide-containing solution samples 
(80 ul) were deposited to a clean silicon wafer and dried under 
vacuum. The deposited samples on a silicon wafer were placed on 
a ZnSe/diamond for analysis. The scanned wave numbers ranged 
from 650 cm-1 to 4,000 cm-1 at a resolution of 2 cm-1. The spectra 
were scanned 32 times. 
 
Transmission Electron Microscope (TEM) 
 
Each of the Pd NPs solution samples (20 ul) was deposited on 
a carbon-coated copper TEM grid (Ted Pella Inc., 300 mesh) and 
air-dried for 5 min. The remaining liquid was removed with a 
filter paper. The prepared TEM grids were kept in a desiccator 
before TEM and HR-TEM imaging to ensure the removal of 
moisture. The microscopic images were observed at 80 kV using 





Inductively Coupled Plasma-atomic Emission Spectroscopy 
(ICP-AES) 
 
A Pd NFs aqueous solution was homogeneously dispersed 
using bath-type sonicator (Branson). The Pd NFs solution (100 ul) 
was injected into royal water (4 ml). After reaction for 8 hours at 
room temperature, the solution was diluted with DW. The 
concentration of palladium was quantified by ICP-AES 
(Shimadzu, ICPS-7500). 
 
X-ray Diffraction (XRD) Analysis 
 
A lyophilized Pd NFs sample was transferred to a sample 
holder. The XRD data were measured over a scattering angle 
ranging from 5˚ to 90˚ at 2θ step of 0.02˚ using CuKα radiation 
with a diffracted beam monochromator in the reflection geometry 
at room temperature (Rigaku, Smart Lab). 
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2.5. Copper-free Sonogashira Reaction 
 
The following procedure was chosen as a modified copper-
free Sonogashira reaction.122 The most effective base was chosen 
based on the preliminary experimental results. For each reaction, 
iodobenzene (0.5 mmol), phenylacetylene (0.6 mmol) and TEA 
(2.5 mmol) were added into a well-dispersed Pd nanoflower 
solution in 10 ml of total reaction volume. The mixture was 
stirred vigorously for 18 hr at 65-75 ℃. After the reaction, the 
reaction mixture was extracted with diethyl ether, small portion 
of the extracts were taken for GC-MS (Gas chromatography-




3. Results and Discussion 
 
3.1. Design of Peptide Template for Fabrication 
of Pd Nanostructure 
 
A heptapeptide, Tyr-Tyr-Ala-His-Ala-Tyr-Tyr (YYAHAYY) 
(Tyr-H7mer, Fig. 13), was designed to synthesize Pd 
nanoparticles (NPs) under ambient conditions. In our previous 
study,43 we reported that Tyr-containing peptides (YYACAYY) 
could be assembled into several nanostructures and at least two 
consecutive tyrosines were necessary for the peptide assembly. 
Tyrosine also has a potential as a bio-catalyst due to its redox 
active property.123 To control the size and stability of Pd NPs, 
histidine was inserted at the center of the peptide sequence 
instead of Cys. Histidine can coordinate with several transition 
metal ions and nucleate the formation of metal NPs (Fig. 14).120 
Histidine, which is located between the two tyrosines, might 
control the size of Pd NPs by peptide folding. As it turned out, Pd 
NPs (4-5 nm size) with flower shapes were synthesized by Tyr-
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H7mer in water. 
Figure 15 illustrates a plausible mechanism for the formation 
of Pd nanoflowers (NFs) with Tyr-H7mer. Pd2+ ions are 
coordinated with His residues of Tyr-H7mer in water, resulting in 
peptide folding. The hydrophobic nature of the Tyr-H7mer/Pd2+ 
complex could accelerate the peptide assembly and at the same 






















Figure 15. Schematic illustration for the formation of Pd nanoflowers 
(NFs) covered by peptides. Tyr-H7mers were coordinated with Pd 
ions and assembled. Then, Pd NFs were formed by reducing agent.125 
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3.2. Characterization of Tyrosine-rich Peptide 
Induced Flower-like Palladium Nanostructure 
 
During the reduction process by ascorbic acid as a reducing 
agent, the color of the Tyr-H7mer containing Pd solution turned 
from pale yellow to dark brown. The UV/Vis spectra also showed 
the absorption changes during the formation of Pd NPs by Tyr-
H7mer in water. As shown in Figure 16, the absorbance peak of 
Pd2+ at 207 nm gradually decreased and broadened during the 
formation of the Pd NPs. 
Transmission electron microscopy (TEM) analysis revealed 
that uniform sized Pd NPs (4-5 nm) were assembled into flower-
like shapes with the heptapeptides (Fig. 17A). The energy-
dispersive X-ray spectroscopy (EDS) elemental mapping showed 
the distributions of Pd, N and O on the surface of Pd nanoflowers 
(NFs), which means that Pd NPs were capped with peptide 
template (Fig. 17B-E). Interestingly, the final morphologies of Pd 
NPs were dependent on the central amino acid in the peptide 
sequence. When His was substituted by Ala to give YYAAAYY 
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(Tyr-A7mer), irregular shaped Pd nano-aggregates were formed 
(Fig. 18). His could play an important role in peptide assembly 
with Pd2+ ions because the imidazole group of His can bind 
strongly with metal ions. Thus, histidine residue of the peptides 
provided the nucleation sites for Pd NFs formation before 
nucleation and growth of Pd NPs.113 The sizes of Pd NFs were 
between 39 and 100 nm, with an average value of 66 nm ± 5 nm 
(Fig. 19). The Pd NPs could also be formed without adding any 
reducing agents. However, it took a very long time to form Pd 
NFs (4 weeks at room temperature) (Fig. 17F). This seems to be 
related to the weak reducing activity of Tyr residues.126 
The Pd NFs were further characterized by high resolution 
transmission electron microscopy (HR-TEM) and powder X-ray 
diffraction (XRD) (Fig. 20). The lattice structure of a single Pd 
NP in the Pd NFs reveals the (111) plane of Pd (d-spacing at 0.23 
nm) (Fig. 20B and Fig. 21). The Powder XRD pattern shows the 
crystallinity of Pd NFs. As shown in Figure 19C, peaks at 40.1°, 
46.8°, 68°, 82.2°, and 86.4° correspond to the (111), (200), (220), 







Figure 16. UV-Vis spectra of Tyr-H7mer (line), Pd2+/Tyr-H7mer 







Figure 17. (A-E) HR-TEM/EDS mapping of Pd NFs. The 
homogeneous distributions of palladium (B), nitrogen (C), oxygen (D) 
and merged one (E). (F) TEM images of Pd NFs obtained by using the 

















Figure 20. Crystalline property of Pd NFs. (A) HR-TEM image of Pd 
NFs. (B) HR-TEM image recorded from the particle (ca. 4 nm) 
marked by a red square in (A). (C) Powder XRD pattern of the Pd 





Figure 21. (A) HR-TEM image of Pd NFs and (B) electron 
diffraction pattern of the red square region in (A).125 
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The assembly mechanism for Tyr-H7mer during the formation 
of Pd NFs was studied by circular dichroism (CD) and Fourier 
transform-infrared (FT-IR) spectroscopy (Fig. 22). The richness 
of Tyr residues in the peptide sequence affected the entire pattern 
of the CD spectra.43 The positive peaks at 202 and 227 nm are 
originated from the contributions of the phenolic side chains of 
the Tyr residues. After adding Pd2+, the peak at 227 nm increased 
positively and was slightly red-shifted. The peak shifts of the Tyr 
residues indicate that Pd2+ ions are involved in peptide 
ordering.128,129 The negative peak at 190 nm was reduced and 
shifted to 195 nm. It seems that the α-helical conformation of 
Tyr-H7mer is affected by Pd2+ mediated peptide assembly. In 
addition, the amide I band region (Fig. 22B, 1600-1700 cm-1) was 
analysed to identify any conformational changes of the Tyr-
H7mer during the assembly process.130,131 As shown in Figure 
22B, the ɑ-helical peak at 1670 cm-1 was shifted to 1633 cm-1, 
which corresponds to the β-sheet structure. After the reduction of 
Pd2+ ions, the 1633 cm-1 peak was shifted slightly to 1628 cm-1. 
We could also confirm the interaction between the His residue 
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and the Pd2+ ion by analysing FT-IR spectra of various protonated 
forms of the His side chain (imidazole group).132 The His peak 
(HisH2+) at 1635 cm-1 of free Tyr-7Hmer in water was shifted to 
1578 cm-1 after the formation of Pd NFs, indicating that one 
proton was removed from HisH2+. Afterward, the reduction of 
Pd2+ ions caused the peak to further shift to 1562 cm-1. It may be 
possible that the His residue interacts with the closest His residue 
in the vicinity to produce dimers connected by hydrogen bonds. 
Considering all these, it can be conclued that the Tyr-H7mer 






Figure 22. Spectroscopic data for confirming peptide structural 
changes. Peptide, Pd2+/peptide complex, and reduced Pd NFs are 
indicated by line, dotted line, and dash line, respectively. (A) CD 
spectra of Tyr-H7mer in each steps (B) The FTIR spectra of Tyr-
H7mers in each step. AmideⅠ band peaks are marked with star (*). 
Histidine-related peaks are marked with circle (•) (C) Proposed 
mechanism based on FTIR data focusing on the interaction between 





3.3. Catalytic Properties of Palladium Nanoflower 
in Copper-free Sonogashira Reaction 
 
For atom efficiency and sustainability, a mild reaction 
condition for the Sonogashira cross-coupling reaction without 
using Cu(I) co-catalysts and phosphine ligands has been pursued. 
Fortunately, the Pd NFs have an ideal property as a catalyst for 
the Sonogashira cross-coupling reaction under ambient aerobic 
conditions; accelerating oxidative addition step of Pd0 with aryl 
halide by peptide ligand having steric and proper electronic 
property,133 and enhancing the formation of arylalkynylpalladium 
species134. 
First, the reaction conditions of iodobenzene and 
phenylacetylene was optimized in order to avoid the loss of Pd 
and maximize the catalytic efficiency; the amount of catalyst and 
the reaction time (Fig. 23). At room temperature, the yield was 
logarithmically increased with the amount of catalyst and 0.5 mol% 
of Pd NFs was almost the saturation point. Then, by fixing the 
amount of Pd NFs as 0.5 mol%, the reaction kinetics was 
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followed at 65 °C, which revealed that after 18 hr to 24 hr, similar 
yields was obtained. Taken together, 0.5 mol% of Pd NFs, 18 hr, 
and 65 °C were selected as the optimal reaction conditions in 
water. 
As shown in Table 1, a copper-free Sonogashira cross-coupling 
reaction catalyzed by Pd NFs was successfully performed in an 
aqueous condition. Coupling reactions of iodobenzene with two 
different alkynes (1-phenylacetylene and 1-ethyne-1-
cyclohexanol) generated the corresponding products in 96 % and 
81 % yields, respectively (entries 1 and 2). This catalytic system 
worked very well even though electron withdrawing substituents 
exist in the phenyl ring for the coupling reaction (entry 3). Three 
types of aryl iodides were reacted with phenylacetylene, 
producing the corresponding cross-coupling products in high 
yields over 93 % (entries 1 and 3, 4). Furthermore, the Pd NFs 
performed well in coupling reactions with heteroatom containing 
alkyne affording high yield (entry 5). Thus, we proved that the 
Sonogashira cross-coupling reaction was widely tolerable with 
various aryl iodides in water system. These results are in good 
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agreement with the previous reports that stabilizer and supporting 
materials around Pd0 can prevent undesired aggregates and 
improved catalytic performance.135 In addition, the Glaser-type 
oxidative homocoupling side-reaction could be avoided due to 
not using copper salt. These results exhibit that the Pd NF 
heterogeneous catalyst is better than the previously reported ones 
(Table 2). The Pd NFs catalyst showed the turnover frequency 
(TOF) of 11 for the Sonogashira coupling reaction between 
iodobenzene and 1-phenylacetylene. In Table 2, Moreover, under 
the present catalytic system, no additive was necessary, and the 
reaction proceeded smoothly at moderate temperature of 65 °C in 
water. The excellent catalytic activity of the Pd NFs would be 





Figure 23. Optimization of the reaction conditions. (A) the amount of 




Table 1. Aqueous Copper-free Sonogashira Cross-coupling 
Reaction using Pd NFsa 
Entr
y 
Aryl halide Alkyne Product 
Yieldb 
(%) 
1 I    
96 






3 IO2N   
O2N
 97 
4 IH3CO   
H3CO  93 







   
98 
a Reactions were performed using 0.5 mmol substrate, 2.5 eq. 
triethylamine, and 0.5 mol% Pd NFs in water (10 mL).b 
Determined by GC-MS through corrected normalized peak areas. 




Table 2. Comparison of the Activity of Pd NF Catalyst with 
Other Heterogeneous Pd catalysts in C-C Coupling of 
Iodobenzene with Phenylacetylene 
Catalyst 














24 100 4 









3 32 27 
Appl. 
Organometal. 
Chem., 30 (2016), 
657-663 
Pd/L/Fe2O3 




24 52 12 
Appl. Catal. A 






20 89 0.4 




3.4. Recycling of Palladium Nanoflower 
 
To determine the structural stability of the Pd NFs catalyst over 
reaction time, TEM images were obtained after the reactions. As 
shown in Figure 24, the Pd NFs remained structurally stable after 
the copper free Sonogashira cross-coupling reaction for 18h. To 
further prove this, FT-IR and XRD analysis were conducted (Fig. 
25). After the reaction, the β-sheet conformation of Tyr-H7mer 
was maintained, verified from the 1628 cm-1 peak. In addition, 
the crystallinity of Pd NFs remained almost unchanged. 
The Pd NFs catalyst maintained the high catalytic performance 
after fourth recycling for the coupling reactions. Substantial loss 
was not observed after fouth rounds of the catalyst recovery. 
Figure 26 shows that the yields of the corresponding product for 
the reaction of iodobenzene and 1-phenylacetylene were 96% (1st 











Figure 25. Characterization of Pd NFs after 1st run of copper-free 










3.5. Mechanism of Efficient Catalytic Activities 
of Palladium Nanoflower in Water 
 
By BET anlaysis, we found that the surface area and the pore 
volume of the Pd NFs were 20.5 m2/g and 3.4×10-5 cm3/g, 
respectively, which were much lower than those of Pd/C (SBET 
(m2/g) : 671.6, VP (cm3/g) : 0.17). Generally, the surface area is 
the dominant factor in controlling catalytic activity of 
heterogeneous catalyst. Having ~30 times lower surface area, the 
catalytic performance of Pd NFs was almost identical to Pd/C. 
This outstanding results may come from the amphiphilic nature 
of Pd NFs as mentioned in Chapter 3.3. The amphiphilic peptide 
template can increase the accessibility of hydrophobic substrates 





A simple method for preparation of Pd nanostructure with a 
flower-like morphology was presented by using Tyr-H7mer 
peptide as a template. The peptide folding and the interaction of 
Pd2+ ions with His residues in the Tyr-H7mer peptide are the 
crucial factors for the nucleation and growth of Pd NPs into the 
Pd NFs. The Pd NFs were very reactive and reusable catalyst for 
copper-free Sonogashira cross-coupling reactions in an eco-
friendly water solvent system without collapse of their structure. 
Controlling the morphology of metal NPs by redox active peptide 













Covalent Self-assembly of 
Tyrosine-appended Perylene 






1.1. Perylene derivatives and their Properties  
 
Perylene tetracarboxylic acid dianhydride (PTCDA) is a 
versatile organic chromophore which draws much attention as in 
electronic materials which can be utilized in organic field effect 
transistor139,140 and artificial light harvesting systems141-143 due to 
its high molar absorptivity, high quantum yields and electron 
accepting property (n-type semiconductor). However, its extreme 
insolubility in organic solvents impedes solution based 
applications. Therefore, in order to increase the solubility in 
organic solvent, the anhydride position of the PTCDA has been 
functionalized into the corresponding imines, which are called as 
perylene tetracarboxylic acid diimide (PTCDI or PDI, Figure 27), 
through Zn(OAc)2-catalyzed dehydration reaction with various 
aromatic and aliphatic amines. This perylene-based chemistry 
was developed by Langhals’s group and BASF company.144 In 
addition, by introducing Br or Cl atoms into the bay position of 




Functionalization on the imide- or -bay position has an effect 
on the optical and redox properties of the PDI.149 PDI shows the 
slightly shifted absorption and fluorescence band with high 
quantum yields (>0.9) in the majority of solvents except for 
protic solvents, compared to the perylene that originally has the 
UV/vis absorption band from ~440 to ~525 nm and its mirror 
fluorescence band. The electron withdrawing property of the 
imide make the electron cloud of the perylene core dispersed to 
the imide at both sides, resulting in the electron deficient state of 
the PDI. In the same context, tuning the bay position is easy to 
control the properties of the PDI than doing on the imide position. 
For example, electron-withdrawing and electron-donating groups 
as a substituent of the perylene core can give a strong influence 






Figure 27. Modification of PTCDA. (R=alkyl, benzene; X=Br or Cl; 






Figure 28. Effect of various bay-functionalizations on the optical and 




1.2. Packing and Self-assembly of Perylene 
Diimides 
 
PDI have a strong tendency to self-assemble into 1-D stacked 
structure and its stacking is strongly influenced by the electronic 
interactions of building blocks. Such stacking can be followed by 
the colour changes resulting from mutual interactions between 
perylene cores depending on the different substituent-induced 
packing. This was suggested through empirical correlations by 
Graser, Hadicke and Klobe.150-154 For example, PDIs having 
azobenzene, methyl and phenethyl substituents at the imide 
nitrogens are differently packed, resulting in brilliant red, maroon 
and black colours, respectively (Fig. 29). Through modification 
of the imide- or bay-position of the PDI, diverse self-assemblies 
can be induced. Each of the pi-stacked distances between 
adjacent perylene cores is between 3.34 and 3.55 Å. In the case of 
bay-modified PDIs, the substitution leads to the breaking of 
symmetry, resulting in two atropisomers (M/P-dimeric units) and 
the difference of the packing pattern between the PDIs (Fig. 30). 
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This distorted non-planar structure generates a lot of variations to 
be considered for making well-defined PDI structures. The well-
defined self-assembled structures from the PDI derivatives can be 







Figure 29. Color changes depending on the substituents at the imide 







Figure 30. Molecular structure and packing of the bay position-
modifed PDI. (A) Possible enantiomers created by modification of 




1.3. Perylene Diimides as an Efficient 
Photocurrent Generator 
 
PDI derivatives are one of the efficient light harvesting organic 
molecules due to its air-stable n-type property. One of the 
strategies to use the PDIs as an efficient photocurrent generator is 
to design well-packed structures, in which electron donors are 
covalently or non-covalently linked to the PDI core (electron 
acceptor). This structure can draw efficient charge separation 
upon photoexcitation.157-159 Slow charge recombination as well as 
efficient charge separation is an essential prerequisite for high 
photoconductivity.160 These factors can be manipulated by 
selecting the electron donors which have slightly higher HOMO 
level than PDI’s HOMO level and controlling the distance 
between electron donor and acceptor. Based on this, several 
examples which have electron donating groups appended to the 
electron accepting PDI molecules have been reported.161,162 For 
example, the PDI-derivatives having N,N-dimethylaniline as an 
electron donor showed a good kinetic balance between the 
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intramolecular charge recombination and the intermolecular 




2. Experimental Section 
 
2.1. Chemicals and Materials 
 
L-Tyrosine was purchased from Sigma-Aldrich (St. Louis, MO, 
USA). 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA), 
N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) and 
imidazole were purchased from Alfa Aesar (Ward Hill, MA, 
USA). Hydrochloric acid (HCl) were purchased from Dae-Jung 




2.2. Synthesis of Tyrosine-conjugated Perylene 
Diimide 
 
In a 100 mL round bottom flask, L-tyrosine (362 mg, 2 mmol), 
PTCDA (392 mg, 1 mmol) and imidazole (5 g) were charged. The 
mixture was then purged with argon gas for 10 min before being 
heated at 130 ˚C overnight. The heating was maintained under an 
argon atmosphere. Then, the reaction mixture was cooled to 90 
˚C. Deionized water was added to the mixture under argon 
atmosphere, and then it was left for 1 h. The dark red solution 
was filtered to remove trace amount of unreacted PTCDA. The 
solution was then acidified with 2 M HCl aqueous solution until 
the pH of the mixture reached 2. Then, the acidified solution was 
centrifuged for 30 min at 7000 rpm. Supernatant solution was 
decanted and deionized (DI) water was added to neutralize the 
product. This centrifugation process was repeated two more times. 
After that, dark red precipitate was obtained by vacuum filtration. 
It was then dried overnight in air. 
Yield: 696.7 mg (0.92 mmol, 92%). 1H NMR (400 MHz, DMSO-
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d6, 25 ℃): δ = 13.07 (br, 2H; -COOH); 9.08 (s, 2H); 8.26 (s, 8H); 
7.06 (d, J=8 Hz); 6.58 (d, J = 8 Hz); 5.92 (m, 2H); 3.53-3.35 (m, 
4H). ESI-MS: m/z: calculated for C46H32N4O12: 832.20; found: 
831.0 [M -H]. 
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2.3. Self-assembly of Tyrosine-conjugated 
Perylene Diimides by Dityrosine Crosslinking 
 
Tyrosine-conjugated PDI was solubilized in 0.1 M CAPS buffer 
(pH 10). This solution was poured into proper container (Petri 
dish or beaker). UV irradiation was performed on the surface of 
the solution. Then, photo-crosslinked PDI film was formed on the 
air-water interface. For transfer of the photo-crosslinked PDI film, 
a substrate was put in the reaction container before adding the 
reaction solutions, and then a solution of Y-PDI in 0.1 M CAPS 
buffer (pH 10) was poured into the reaction container to make the 
surface of the solution 10 mm higher than the substrate. After the 
crosslinked film was formed, the subphase was removed from the 
container with a syringe to make the film deposition on the 









Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
The dityrosine crosslinked PDI film-containing solution was 
purified by dialysis for a week using a dialysis tubing (MWCO: 
1000 Da). The dialyzed solution was lyophilized, and re-
dissolved in 1 ml of DMSO-d6 (Cambridge Isotope Laboratories, 
Andover, MA, USA). All NMR spectra were recorded on a 
Bruker Avance 500 MHz spectrometer. 2D experiments were 
performed using rotating-frame nuclear Overhauser effect 
correlation spectroscopy (ROESY). ROESY experiment was 
performed using 700 ms spin lock mixing pulses. 2D spectrum 





Samples before/after UV induced self-assembly were 
characterized by Optizen 2120UV spectrometer (Mecasys) in 
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sample cell (Hellma Analytics, 10 mm pathlength). [Condition; 
room temperature, 1.0 nm intervals, 250 to 600 nm] 
 
Fluorescence (FL) Spectroscopy 
 
Samples before/after UV induced self-assembly were 
characterized by LS-55 FL spectrometer (PerkinElmer, Waltham, 
MA, USA) in a sample cell (Hellma Analytics, 10 mm 
pathlength). [Condition; room temperature, 0.5 nm intervals] 
 
 
Transmission Electron Microscope 
 
PDI film solution (20 ul) was deposited on a carbon-coated 
copper TEM grid (Ted Pella Inc., 300 mesh) and air-dried for 5 
min. The remaining liquid was removed with a filter paper. The 
prepared TEM grids were kept in a desiccator before TEM and 
HR-TEM imaging to ensure the removal of moisture. The 
microscopic images were observed at 80 kV using TEM (JEOL, 
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JEM 1010), and at 120 kV using HR-TEM (JEOL, JEM 3010). 
 
 
X-ray Diffraction Analysis 
 
Crosslinked floating film solution was transferred to a dialysis 
tubing (MWCO 1000) and dialyzed in DI water to remove the 
remaining buffer salt for a week. The washed film solution was 
lyophilized and was transferred to a sample holder. The XRD data 
were measured over the scattering angle ranging from 5˚ to 90˚ at 
2θ step of 0.02˚ and scanspeed of 0.5 sec/step using CuKα 
radiation with a diffracted beam monochromator in the reflection 
geometry at room temperature (Bruker, D8 ADVANCE with 
DAVINCI). 
 
Transient Absorption Spectra 
 
To analyze transient absorption (TA) spectra, PDI-Y solutions 
in 0.1 M CAPS buffer (pH 10) before/after 4 hr of UV-irradiation 
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were used. A femtosecond pulse (130 fs, 120 cm−1, 650 μJ, 1 
kHz) centered at 800 nm was generated by a standard 
regenerative-amplified Ti:sapphire laser (Hurricane, Spectra 
Physics). Continuum light, which was used as the probe pulse, 
was generated by focusing 800 nm light using a planoconvex lens 
( f = 10 cm) into a sapphire plate (WG31050, Thorlabs). The 
pump pulses were generated using a second harmonic generator 
(TP1A, Spectra Physics). The optical time delay between the 
pump pulse and the continuum pulse was scanned using a delay 
stage (Daedal 404300XRMP, Parker). The pump pulses were 
modulated using a synchronized optical chopper (MC1000, 
Thorlabs). The probe pulses of the signal were detected by 
photodiodes (2031, New Focus) after wavelength selection using 
a monochromator (model 250 is/sm, grating of 600 grooves 
blazed at 730 nm, Chromex). The temporal profiles of the TA 






Photocurrent measurements of the crosslinked PDI-Y films were 
carried out through a simple two-probe method using a probe 
station with a CCD camera for in situ imaging of the device and 
Agilent B1500A semiconductor parameter analyzer for high-
resolution current measurement. The interdigitized electrodes 
(IDEs) were fabricated by photolithography on a quartz glass, 
where AZ 5214E photoresist and mask-less photo-lithographer 
were used. A 5 nm of Cr and 50 nm of Au electrodes were then 
sputtered in order on the substrate with DC sputter (Channel 
dimension : 200 µm x 10 µm). After the deposition process, 
unwanted parts of the electrodes were removed by lift-off process. 
A tungsten lamp (500 W of input power, Newport) was used as 
the light source. The light was guided by a fiber (MS Tech) to 
excite the crosslinked PDI-Y films. The photocurrent 
measurements under vacuum were performed in a homemade 
chamber that houses the crosslinked PDI-Y film on the IDE 
quartz. The power of the whitelight which approaches to the 




3. Results and Discussion 
 
3.1. Preparation of Crosslinked Free-floating 
Tyrosine-PDI Film 
 
For covalent self-assembly, bola-amphiphilic tyrosine-
appended perylene diimide (Y-PDI) was synthesized by zinc-
catalyzed dehydration reaction between perylene tetracarboxylic 
acid dianhydride (PTCDA) and α-amino group of tyrosine, based 
on the previous method.144 Using dityrosine linkage induced by 
UV (300 nm) irradiation at pH ≥ 10, Y-PDIs were directly 
polymerized and assembled at air/water interface by covalent 
bonding and pi-pi stacking, respectively. Interestingly, the 
resulting film could be observed with naked eye on the air/water 
interface in less than 2 h of UV (300 nm) frontal irradiation onto 
the surface of the Y-PDI solution (1 mg/ml) in 0.1 M CAPS 
buffer (pH 10) in a glass Peteri dish (35 * 10 mm) (Fig. 31A). 
The scale of the film could be expanded to a larger size (87 * 15 
mm, Figure 31B). This result can be obtained at various 






Figure 31. UV crosslinked PDI film at the air/water interface. (A) 
Optical images of Y-PDI solution without UV 6 hr (left), and with UV 




3.2. Characterization of Crosslinked PDI Film 
 
Microstructure of the PDI film was observed by using 
transmission electron microscopy (TEM, Fig. 32). The minimal 
UV-irradiation time for the film formation was about 3 min, and 
thin nanosheets started to form. After 3 min, the darkness of the 
film gradually increased, which maybe related to the increase of 
film thickness. As the result, large sized PDI sheets with several 
micron-sized area were obtained (Fig. 32D). Atomic force 
microscopy (AFM) also shows that the film  on the air/water 
interface has the flat and uniform surface in microscopic scale 
(Fig. 33A) and the aggregated and entangled structure can be 
seen in nano-scale (Fig. 33B). This aggregated structures were 





Figure 32. TEM images of crosslinked PDI film depending on UV-







Figure 33. AFM images of crosslinked PDI film. (A) 10 um * 10 um 





Figure 34 shows the photopolymerization kinetics (thickness 
vs time) at air/water interface. The Y-PDI films formed at 1 
mg/ml concentration were initially thin (0.8 nm), and then, 
logarithmically grew to ca. 47 nm of thickness with increasing 
irradiation time. This curve represents a typical pattern for the 
crosslinked photopolymerization.164 In this case, a fast 
instantaneous UV-initiated polymerization and assembly occur at 
the early stage. Once the interfacial film is thickened to a certain 
level, penetration of UV into the solution phase starts to decrease 
and the thickness of the photocrosslinked film is limited ca. 47 
nm. 
To investigate the formation of dityrosine (diTyr) crosslinkages 
and its effect of self-assembly behaviour of the crosslinked Y-PDI, 
the self-floating film was analysed using spectroscopic analysis. 
The absorption spectra (Fig. 35A) of the Y-PDI aqueous solution 
in 0.1 M CAPS buffer (pH 10) exhibited a weak tyrosine ring 
peak at ~280 nm and the perylene core-related peaks at 477, 508 
and 545 nm which correspond to 0-2, 0-1 and 0-0 vibrational 
modes.165,166 When UV irradiation time was increased, a peak at 
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330 nm was increased, which might result from the gradual 
formation of diTyr linkage.82,167 In the region of 450-600 nm, 
broadened and slightly red shifted peaks were observed due to the 
formation of a band structure arising from specific interactions 
between the stacked PDI pi-systems.166,168 The UV spectra of the 
film state transferred to a quartz substrate showed that the lowest 
energy absorption peak at 545 nm was red-shifted to 564 nm (Fig. 
36). Furthermore, the time dependent fluorescence emission 
supports the formation of diTyr crosslinkages and the PDI 
stacking. Under 330 nm excitation, the diTyr peak intensity of 
430 nm increased until the UV irradiation of 2 h, and then, the 
intensity was decreased due to self-quenching by pi-pi stacking 
(Fig. 35B). This stacking propensity is similar to the PDI core-




Figure 34. Thickness change of crosslinked Y-PDI film depending on 






Figure 35. UV irradiation time-dependent UV-vis and fluorescence emission spectra of Y-PDI in 0.1 M CAPS buffer 
solution (pH 10). (A) UV/Vis absorption spectra of Y-PDI depending on UV-irradiation time. (B-C) Fluorescence 










The UV irradiation time-dependent diTyr crosslinking of the Y-
PDI was analyzed by 1H nuclear magentic resonance (NMR) 
spectroscopy. Upon increasing UV irradiation time, the signals of 
the tyrosine’s phenol ring were changed (Fig. 37), and new peaks 
appeared in the phenol ring region (6.5 ~ 7.1 ppm), indicating 
that the crosslinking occured between the ortho-positions of the 
phenol rings by diradical reaction.169,170 In addition, the entire 
peaks were broadened and up-shifted due to the different levels of 
the pi electron delocalization of the di-tyrosine or tyrosine 
moieties. To corroborate the pi-pi stacking between the perylene 
cores, rotating-frame nuclear Overhauser effect (ROESY) NMR 
experiments were performed (Fig. 38). If the protons of the 
dityrosines and the perylene cores are in close vicinity, cross-
coupling peaks would be observed. However, the cross-coupling 
peak can not be seen. Therefore, the possibility of the stackings 




Figure 37. (A) UV irradiation time-dependent 1H-NMR spectra and (B) assignment of Y-PDI in DMSO at 298 K 





Figure 38. Representative 2D 1H/1H chemical shift correlation NMR 







The detailed structure of the crosslinked Y-PDI film was 
determined by high resolution TEM (HR-TEM; Fig. 39B) and 
powder X-ray diffraction (XRD; Fig. 39A). According to XRD, 
many peaks, which are usually observed in metals or well-packed 
organic molecules, are shown in the crosslinked Y-PDI films. The 
crystallinity is an important factor for organic semiconducting 
polymers, which is directly related to the electron and hole 
mobilities. In addition, HR-TEM of the polymeric film partly 
revealed the electron diffraction pattern of the structural ordering 
and crystallinity. The HR-TEM shows that the measured inter-
distances between the crosslinked Y-PDI chains are 3.6 Å and 4.3 
Å, which matches well with the observed d spacing from XRD 
data. The 3.6 Å peak is corresponding to pi stacking of the PDI 
cores.171,172 The 8.3 Å (from XRD data) and 4.3 Å spacing is due 
to the edge-to-edge (center-to-center) ordering of the PDI cores, 
which is closely correlated to the arrangement of the moiety at 




Figure 39. Structural analysis of the crosslinked Y-PDI film. (A) 
powder XRD of the crosslinked Y-PDI film. (B) HR-TEM image and 
selected area electron diffraction (SAED) pattern of the crosslinked Y-
PDI film.  
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3.3. Molecular Mechansim for the Formation of 
Self-floating Crosslinked PDI Film 
 
Self-floating phenomenon has been shown in the case of self-
assembly of amphiphilic molecules. Peptides having repetitive 
hydrophilic and hydrophobic amino acid residues (Pro-Glu-(Phe-
Glu)n-Pro174 and peptide BS30G42) assembled into highly ordered 
beta strand and film at the air/water interface. In addition, 
anthracene-containing amphipilic molecules were organized into 
monolayer sheet and polymerized at the air-water interface.175-177 
In our case, the crosslinked Y-PDI is an amphiphilic molecule at 
pH 10, which contains hydrophobic PDIs and hydrophilic 
carboxylate anions of the Tyrs. To prove the contribution of the 
amphiphilic structure to the self-floating, the surface activity of 
UV-irradiated Y-PDI was characterized by the Wilhelmy plate 
mothod. The time-dependent surface pressure change of the Y-
PDI solution during the assembly of UV-irradiated Y-PDI was 
monitored at various concentration. During UV-irradiation, the 
surface pressure of the Y-PDI solution increased rapidly at the 
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beginning and then reached to the maximum value, followed by 
slightly decreasing. This trend was slightly different from the 
typical pattern of amphiphilic molecules at the air/water interface 
which generally exhibited the saturation curve. The higher the 
concentration, the larger the maximum pressure attained. This 
type of behavior is in good agreement with the adsorption amount 
of the crosslinked Y-PDI affecting the thickness of the film (Fig. 
40). Based on the molecular and experimental results, the 
mechanism of the self-floating phenomenon can be proposed. The 
Y-PDIs are deprotonated and solubilized in pH 10, and gradually 
polymerized by UV light. The amphiphilic crosslinked Y-PDIs 
adsorb on the air/water interface, and the pi-pi interactions among 
the PDIs induced self-organization. The seed of the crosslinked 






Figure 40. Surface pressure-UV irradiation time isotherms for the 
crosslinked Y-PDI film formation at different concentrations (0.1, 0.2, 




3.4. Evaluation of Crosslinked Y-PDI film as 
Photocurrent Generator 
 
The pi-electron delocalization through the 2D arrangement of 
PDI is expected to give charge transport pathway. As shown in 
Figure 41, the crosslinked Y-PDI films hardly afforded 
conductive property in dark condition. When irradiated with 
white light, the I-V curves of the film showed good ohmic 
behavior of the electrical conduction. As shown as Figure 42, the 
photocurrent had the linear dependence of the light intensity 
measured at an applied bias of 3 V, which indicates that the 
charge carrier photogeneration is proportional to the absorbed 
photon flux.178 This photocurrent can be generated by the PDI 
radical anion (PDI•-). Previously, the amino acid-appended PDIs 
aqueous solutions were dropcasted onto substrate for film 
formation. 179,180 With this dropcasting method, it is difficult to 
control the thickness of the films and analyze the accurate device 
performance. In this context, the thickness controllable film 
fabrication method using UV irradiation has an advantage. In 
 
 104 
addition, the repeatable photocurrent switching could be obtained 
by turning the white light (4.42 mW/cm2) on and off (Fig. 43) 
with 3 V applied bias. Expectedly, the off-current didn’t 
completely return to the initial current and the entire current 
gradually increased. It can be explained that the trapped electrons 
in the defect site inside the film slowly flows into electrode when 
light was off. 181 Figure 44 shows the photocurrent propensity 
depending on different wavelength (365 nm, 550 nm, and 900 
nm). We expected that 550 nm of visible light, which belongs to 
the main absorbtion range of the PDI, can drive the highest 
current.182 However, irradiation with 365 nm (UV range) gave the 
highest photocurrent, which could be induced by radical anion 
and dianion formed by UV 180. Additionally, we found out that the 
increase of the base current shown in Figure 43 was due to radical 





Figure 41. Current-voltage curves measured over the crosslinked 
PDI-Y films in the dark (black) and under white light irradiation of 
increasing power density (red: 50 cd, blue: 100 cd, cyan: 150 cd, pink: 






Figure 42. Photocurrent of the crosslinked PDI-Y film measured as a 






Figure 43. Photocurrent (at 3 V) in response to turning on and off the 







Figure 44. Photocurrent switching behavior under different wavelength illumination ((A) UV region (365 nm, 115 




In terms of light harvesting, the charge separation and charge 
recombination are important factors. To further investigate the 
photoresponse of the crosslinked Y-PDI film, femtosecond 
transient absorption (fs-TA) studies were performed at room 
temperature on Y-PDI and crosslinked Y-PDI in 0.1 M CAPS 
buffer (pH 10). As shown in Figure 45A, the fs-TA spectrum of 
the Y-PDI shows broad positive feature in near-IR region (around 
730 nm) corresponding to typical PDI•- peak.183-185 This 
phenomenon appears in the case of the crosslinked Y-PDI, but the 
disturbance of light penetration, induced by its stacking, produces 
low intensity compared to the Y-PDI. In the crosslinked Y-PDI, 
decay kinetics at 730 nm was 2.3 ps, which is factor than that of 
Y-PDI 3.9 ps during the early stage of time profile, as shown as 
Figure 45B. This result might come from a rapid charge 
separation by the tight stacking of the crosslinked Y-PDI. As the 
time elapses, slower decay region with 254 ps appears due to its 
electron transport along the pi-stacked PDIs. This charge 
recombination time is similar to the previous study.186 This slow 
charge recombination is due to the relaxation from long-lived 
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charge separated (crosslinked Y-PDI)n•-. Therefore, the 
photocurrent generation property of the crosslinked PDI-Y film 






Figure 45. Transient absorption spectra for Y-PDI monomer (black) 
and crosslinked Y-PDI (red). (A) Transient absorption spectra at 1 ps 
after the pulse excitation. (B) Time profiles monitored at 730 nm. 
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3.5. Effect of Spacer Amino Acid between Tyrosine 
and PDI to Photocurrent Generation 
 
To control stacking of the PDI core, glycine (Gly, G) as a 
flexible space was introduced between tyrosine and PDI. The 
resulting YG-PDI was dissolved in 0.1 M CAPS buffer (pH 10) in 
the same way as the Y-PDI, and assembled into a film. The 
crosslinked YG-PDI film was transferred into the interdigitized 
electrode. As shown in Figure 46, the I-V curves of the 
crosslinked YG-PDI films represented similar propensity, but the 
entire photocurrent was higher than that of the Y-PDI film. The 
photocurrent (3.1 nA) of the YG-PDI film under white light 
illumination at an applied bias of 3 V was dramatically increased 
by ca. 15 times compared with that (0.2 nA) of the Y-PDI film 
(Fig. 47). This result could be interpretated by the UV spectra of 
the crosslinked YG-PDI (Fig. 48). Compared with the UV spectra 
of the Y-PDI (Fig. 34A), the crosslinked YG-PDI gave broadened 
and red shifted UV-Vis absorption bands, which is due to the pi-




Figure 46. Current-voltage curves measured over the crosslinked GY-
PDI films in the dark (black) and under white light irradiation of 
increasing power density (red: 50 cd, blue: 100 cd, cyan: 150 cd, pink: 







Figure 47. Current-voltage curves for the crosslinked Y-PDI film 
(black) and the crosslinked YG-PDI film (red) under white light 






Figure 48. UV-vis spectra before (black) and after (red) UV-induced 





We have demonstrated a possibility of using dityrosine 
crosslinking to assemble PDI cores into semi-crystalline 2D film 
at the air/water interface for photocurrent generation. The 
formation of the dityrosine crosslinking induced the pi-pi 
stacking of the PDI cores and the resulting amphiphilic property 
of the crosslinked Y-PDI molecules made the films float at 
air/water interface. The thickness of the crosslinked Y-PDI films 
was controlled by the amount of the dityrosine crosslinkages with 
increasing UV-irradiation time. Due to the stacked PDI cores, the 
crosslinked Y-PDI films were reactive for whitelight. The flexible 
amino acid spacer, Gly, located between the tyrosine and the PDI 
core increased pi-electron delocalization of the PDI, resulting in 
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요 약 (국문 초록) 
 
자연계에서 단백질과 펩타이드는 20 가지 종류의 아
미노산의 공유결합 그리고 비공유결합에 의해 체계적으
로 자기조립되어 기능을 나타낸다. 다양한 아미노산 중
에서 타이로신은 단백질의 접힘과 전자 전달을 하는 등
의 독특한 성질을 갖는다. 최근에 타이로신의 이러한 성
질을 이용, 기능성 재료를 만들고자하는 노력들이 행해
지고 있다. 
제 1장에서는 체계적으로 설계한 펩타이드(Tyr-Tyr-
Ala-His-Ala-Tyr-Tyr, YYAHAYY) 를 주형으로 이용
하여, 팔라듐 나노구조체를 합성하고, 촉매적 성질에 대
해서 규명하였다. CD와 FT-IR 분석 결과를 통해서, 펩
타이드가 팔라듐 나노입자의 크기와 모양을 조절하여, 
꽃 모양의 구조체를 만들어 내는 데에 관여한다는 것이 
확인되었다. 합성된 꽃 모양의 팔라듐 나노입자 (Pd 
NPs)는 YYAHAYY의 양친매성 때문에 물에서 잘 분산
됨을 관찰할 수 있었다. 또한 꽃 모양의 Pd NPs를 탄소
-탄소 짝지음 반응 중에 하나인 소노가시라 반응의 촉
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매로써 응용을 해본 결과 물을 용매로 하면서 온화한 
조건에서 공촉매를 사용하지 않으면서 효율적인 촉매 
활성을 나타내는 것으로 확인했다. 이를 통해 체계적으
로 설계된 펩타이드를 주형이 팔라듐 나노입자의 크기, 
모양, 표면들을 개질할 수 있으며, 촉매적 성질까지 조
절할 수 있음을 확인하였다.  
제 2장에서는 다이타이로신 가교 결합을 이용하여 퍼
릴렌 다이이미드를 물/공기 계면에서 이차원 자기조립
시켰으며, 이 물질이 광전류 성질이 있음을 규명하였다. 
즉, 퍼릴렌 다이이미드는 pH 10 수용액에 자외선 (254 
nm)를 조사함으로써 별도의 주형을 사용하지 않고 이차
원으로 다이타이로신 가교결합에 의해 자기조립이 됨을 
확인하였다. 이는 가교된 분자들의 양친매성에 의한 것
으로 생각되며, 자외선 조사 시간에 따라 diTyr 가교가 
증가하면서, 필름의 두께도 증가하여 조절이 가능함을 
밝혔다. 또한, 가교가 일어남과 동시에 PDI 간의 파이-
파이 상호작용으로 인하여 필름이 쌓여 반결정성을 나
타냈으며, PDI의 빛 흡수 능력으로 인하여 광활성을 보
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